Abstract. The aim of this paper is to present the simulation technique and experimental work for surface crack in a structure. For the sake of test apparatus's feasibility, a semielliptical surface crack in a structure was converted into small specimen size. The specimens represented semielliptical surface crack problem in real application of engineering structure. The specimens with semielliptical surface crack were tested by experiment and simulation. The S-version Finite Element Model (S-FEM) was implemented in simulation, and verification was performed through experimental works. The S-FEM consists of virtual crack closure method and Paris' law as a crack growth criterion for 3-dimensional problem with hexahedron elements was used. Auto-mesh generation technique with a fully automatic crack growth simulation system was employed in S-FEM simulation. Specimens with 0 o of crack surface angle were prepared and analysed for the mode I loading. A four-point bending fatigue test was conducted and simulated in order to gain crack path, fatigue crack growth and stress intensity factor's value. Results from simulation and experiment showed good agreement with a certain condition. The implications from the results were discussed through the analysis of fatigue crack growth.
Introduction
Development of the finite-element model has been established for last few decades. Nonetheless, the modelling for the intricate geometries has become one of the major challenges. It is due to the high gradient solution in a complex geometry, as the complicated geometry requires a denser mesh at the small region of the investigated area. In order to enhance the finite element solution, adaptive h-and p-methods are introduced. The h-method keeps the order of the element's approximation and subdivides them into smaller size. Meanwhile, the p-method increases the order of the approximation while maintaining element size. By subdividing the finite element mesh through hmethod and increasing the degree of polynomial through the p-method, the efficiency of these methods still needs to be increased. Therefore, [1] introduced hp procedures, in order to combine the improvement of polynomial order and mesh refinement. The hp-method, so-called S-version of Finite Element Model consists of superimposed elements between local and global finite element mesh. The hp-method occasionally is known as s-refinement and superposition mesh due to the technique of positioning local mesh on the global. The global mesh refers to the mesh on a full model while local mesh is referred to the fine mesh at the vicinity of the crack tips.
The S-FEM has been applied to diverse range of application such as heat affected zone material [2, 3] , corrosion cracking [4] , crack closure effect [5] and composite material [6] . Various types of load behaviour [7] [8] [9] [10] as well have been an issue in numerical implementation. The most remarkable is the fatigue load since it represents actual loading cases in practise. Fatigue load is a major fracture cause in a structure due to long term cyclic load. The integrity of the structure can be questioned when a crack is discovered in a structure. Sustainability of the structure needs to be evaluated in order to avoid a disaster, especially when a crack is detected. Surface cracks are frequently found in aeronautical panel, cylinder of an extrusion press, riveted aeronautic reinforcement and pressure vessel.
Therefore, in this study, S-FEM is developed together with an analysis of residual fatigue life. The prediction of fatigue crack growth rate is based on Paris' law. The crack surface introduced into the structure is considered. In S-FEM, 3-dimensional simulation model, fatigue load is applied throughout the process. Experimental works were carried out to validate the simulation analysis data. The crack paths from simulation and experiment were compared and discussed briefly. Finally, the change of the stress intensity factors along the crack front was investigated based on simulation results. Finally, the findings followed by the effect of the aspect ratio in a specimen are presented.
Methodology
The S-FEM was implemented in this study. Fig. 1 shows the S-FEM concept. The coarser mesh was generated for global mesh while a denser mesh was used near the crack tip area. Crack tip area was taken into account during the implementation of local mesh. On the global mesh, crack tip area was neglected temporarily.
After the local mesh, was overlaid on the global mesh, a complete structure is ready to be modelled. The size of local mesh area is crucial to be decided since the propagation of crack is affected by the calculation of the displacement function. The displacement on overlaid area was summed from global and local mesh as shown below:
On the other hand, the relationship between stress and strain was implemented in virtual work equation and indicated by equation:
The final matrix form for S-FEM is:
and (3) The matrix represents the stiffness matrix of the superimposed area, and is the displacement-strain matrix. By computing the final form of S-FEM matrix, displacement for each node can be obtained. The displacement for global and local mesh for each node was calculated simultaneously. The global mesh is not affected by the changing of local mesh size. Re-meshing process can be generated for local area alone since the region of interest is at the crack tip area. Fig.  1 shows the global mesh and combination of local and global mesh. During the crack growth simulation, local mesh's size was expanded and stress intensity factor (SIF) calculated.
The SIF was obtained based on calculation of energy release rate as shown below:
Noise, Vibration and Comfort
where E is the Young's modulus of elasticity during plane stress condition and equal to for plane strain condition. and are Poison's ratio and shear modulus respectively. SIF and energy release rate were used in crack growth simulation since the failure occurred in a linear elastic fracture mechanic's region. The energy release rate was evaluated by virtual crack closure method (VCCM). Displacements and nodal forces as shown in Fig. 1 are required, in order to calculate the energy release rate accurately. The energy release rate for non-symmetric local mesh implemented by [10] , is employed in this study. (5) where and are the plane's area at the crack front as shown in Fig. 1 . The and are the stress and displacement respectively at the crack face. The is represented the width of element in radial direction and varies with respect to angle from crack surface. While represented the growth of crack length. The value of is represented by: 
where for and for and . For the sake of experimental apparatus's feasibility, a semielliptical surface crack in an engineering problem was converted in small specimen size as shown in Fig.2. Fig.2 also represent the four-point bending test that was conducted for cyclic load. Span of loading points was 70 mm, and cracked area was subjected to uniform bending moment. The distance between two supports of the specimen was set to 140 mm. Stress ratio 0.1 was used. To measure the change of surface crack shape, beach mark was introduced by stress ratio R=0.8. The inclination of the surface crack will give the variety of load's mode. Due to inclination of crack surface, and exist near the specimen surface. and exist at the deepest point of surface crack. Discussion pertaining to this matter is beyond the scope of this research work. All results in this research work covered for 0 o surface crack. Hence mode I loading was applied to the specimen. Then, the four point bending experiment was modelled in S-FEM as shown in Fig.3 
Results
Results for specimens are presented in this section. The specimens from the experiment were analysed by S-FEM for simulation purpose. The comparisons for both studies were demonstrated clearly to verify the results. -13 m/cycle and fatigue power parameter, n as 3.8863. The experimental results agree with simulation at the surface of the structure ( ). As the crack depth increased slightly, the crack path tended to reduce their growth gradually. At deeper crack depth, the crack growth rate is lower than S-FEM simulation. The reduction in crack growth at the deeper crack point was indicated clearly on first beach mark. This phenomenon occurred due to the bending of the specimen. When the specimen was bended due to the load, compression occurred within the top area of the specimen while tension took place at the bottom. Whenever the crack growth approach a compression area, the crack was gripped against growth by the compression. 5 exhibits the changes of mode I, II and III stress intensity factor for 0 o specimen during where is the crack length and is the initial crack length. There is major change for K I but no significant changes for K II and K III was observed since the pure mode I load was applied to the 0 o specimen. Maximum value of K I occurred at the surface while the minimum value happened at the deepest point of crack surface. The variation of K I value is depended on the crack front shape [11] . Surface crack tends to grow to other elliptical shapes due to the free surface effect. The existence of residual compressive stress led to higher K I value at the surface of the structure.
Conclusion
The S-FEM simulation with auto-mesh generation and fully automatic fatigue crack growth system were implemented. Experimental works were compared with simulation results and indicate that the findings were close with the actual case. The crack path from experiment showed that the crack tends to grow to elliptical shape. Improvement need to be made for simulation since Paris coefficient C, initial crack length and other material properties cannot be treated deterministically. 
